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rig. 1. The main features of the standard model. The strong metry of the Lagrangian of the theory but not of the solu- 
force and the electroweak force are each induced by a local tions to the theory. The standard model ascribes this sym- 
symmetry group, SU(3) and SU(2) X U(l), respectively. metry breaking to the Higgs particles, particles that create a 
These two symmetries are entirely independent of each other. nonzero weak charge in the vacuum (the lowest energy state 
SU(3) symmetry (called the color symmetry) is exact and of the system). The only conserved quantity that remains 
therefore predicts conservation of color charge. The SU(2) X after the symmetry breaking is electric charge. 
U(1) symmetry of the electroweak theory is an exact sym- 

The spectacular progress in particle phys- 
ics over the past ten years or so has renewed 
this dream; many physicists today believe 
that we are on the verge of uncovering the 
structure of this unified theory. The theoreti- 
cal description of the strong, weak, and elec- 
tromagnetic interactions is now considered 
well established, and, amazingly enough, the 
theory shows these forces to be quite similar 
despite their experimental differences. The 
weak and strong forces have sources 
analogous to, but more complicated than, 
electric charge, and, like the electromagnetic 
force, both can be described by a special type 
of field theory called a local gauge theory. 
This formulation has been so successful at 
explaining all known phenomenology up to 
energies of 100 GeV (1 GeV = lo9 electron 
volts) that it has been coined "the standard 
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model" and serves as the point of departure 
for discussing a grand unification of all 
forces, including that of gravitation. 

The elements of the standard model are 
summarized in Fig. 1. In this description the 
basic constituents of matter are quarks and 
leptons, and these constituents interact with 
each other through the exchange of gauge 
particles (vector bosons), the modern 
analogue of force fields. These so-called local 
gauge interactions are inscribed in the lan- 
guage of Lagrangian quantum field theory, 
whose rich formalism contains mysteries 
that escape even its most faithful practi- 
tioners. Here we will introduce the central 
themes and concepts that have led to the 
standard model, emphasizing how its for- 
malism enables us to describe all 
phenomenology of the strong, weak, and 

electromagnetic interactions as different 
manifestations of a single symmetry prin- 
ciple, the principle of local symmetry. As we 
shall see, the standard model has many 
arbitrary parameters and leaves unanswered 
a number of important questions. It can 
hardly be regarded as a thing of great 
beauty-unless one keeps in mind that it 
embodies a single unifying principle and 
therefore seems to point the way toward a 
grander unification. 

For those readers who are more 
mathematically inclined, the arguments here 
are complemented by a series of lecture notes 
immediately following the main text and 
entitled "From Simple Field Theories to the 
Standard Model." The lecture notes in- 
troduce Lagrangian formalism and stress the 
symmetry principles underlying construc- 



tion of the standard model. The main 
emphasis is on the classical limit of the 
model, but indications of its quantum gen- 
eralizations are also included. 

Unification and Extension 

Two central themes of physics that have 
led to the present synthesis are "unification" 
and "extension." By "unification'' we mean 
the coherent description of phenomena that 
are at first sight totally unrelated. This takes 
the form of a mathematical description with 
specific rules of application. A theory must 
not only describe the known phenomena but 
also make predictions of new ones. Almost 
all theories are incomplete in that they 
provide a description of phenomena only 
within a specific range of parameters. Typi- 
cally, a theory changes as it is extended to 
explain phenomena over a larger range of 
parameters, and sometimes it even 
simplifies. Hence, the second theme is called 
extension-and refers in particular to the 
extension of theories to new length or energy 
scales. It is usually extension and the result- 
ing simplification that enable unification. 

Perhaps the best-known example of ex- 
tension and unification is Newton's theory of 
gravity (1 666), which unifies the description 
of ordinary-sized objects falling to earth with 
that of the planets revolving around the sun. 
It describes phenomena over distance scales 
ranging from a few centimeters up to 
1 025 centimeters (galactic scales). Newton's 
theory is superceded by Einstein's theory of 
relativity only when one tries to describe 
phenomena at extremely high densities 
and/or velocities or relate events over cos- 
mological distance and time scales. 

The other outstanding example of unifica- 
tion in classical physics is Maxwell's theory 
of electrodynamics, which unifies electricity 
with magnetism. Coulomb (1 785) had estab- 
lished the famous inverse square law for the 
force between electrically charged bodies, 
and Biot and Savart (1820) and Ampere 
(1 820-1 825) had established the law relating 
the magnetic field B to the electric current as 
well as the law for the force between two 

electric currents. Thus it was known that 
static charges give rise to an electric field 
E and that moving charges give rise to a 
magnetic field B. Then in 183 1 Faraday dis- 
covered that the field itself has a life of its 
own, independent of the sources. A time- 
dependent magnetic field induces an electric 
field. This was the first clear hint that electric 
and magnetic phenomena were manifesta- 
tions of the same force field. 

Until the time of Maxwell, the basic laws 
of electricity and magnetism were expressed 
in a variety of different mathematical forms, 
all of which left the central role of the fields 
obscure. One of Maxwell's great achieve- 
ments was to rewrite these laws in a single 
formalism using the fields E and B as the 
fundamental physical entities, whose sources 
are the charge density p and the current 
density J, respectively. In this formalism the 
laws of electricity and magnetism are ex- 
pressed as differential equations that mani- 
fest a clear interrelationship between the two 
fields. Nowadays they are usually written in 
standard vector notation as follows. 

Coulomb's law: 

Ampere's law: 

Faraday's law: 

and the absence of 
magnetic monopoles: V B = 0 .  

The parameters eo and po are determined by 
measuring Coulomb's force between two 
static charges and Ampere's force between 
two current-carrying wires, respectively. 

Although these equations clearly "unite" 
E with B, they are incomplete. In 1865 Max- 
well realized that the above equations were 
not consistent with the conservation of elec- 
tric charge, which requires that 

This inconsistency can be seen from 
Ampere's law, which in its primitive form 
requires that 

Maxwell obtained a consistent solution by 
amending Ampere's law to read 

With this new equation, Maxwell showed 
that both E and B satisfy the wave equation. 
For example, 

This fact led him to propose the elec- 
tromagnetic theory of light. Thus, from Max- 
well's unification of electric and magnetic 
phenomena emerged the concept of elec- 
tromagnetic waves. Moreover, the speed c of 
the electromagnetic waves, or light, is given 
by (eoHo)112 and is thus determined uniquely 
in terms of purely static electric and magne- 
tic measurements alone! 

It is worth emphasizing that apart from 
the crucial change in Ampere's law, Max- 
well's equations were well known to natural 
philosophers before the advent of Maxwell! 
The unification, however, became manifest 
only through his masterstroke of expressing 
them in terms of the "right" set of variables, 
namely, the fields E and B. 

Extension to Small Distance 
Scales 

Maxwell's unification provides an ac- 
curate description of large-scale elec- 
tromagnetic phenomena such as radio 
waves, current flow, and electromagnets. 
This theory can also account for the effects of 
a medium, provided macroscopic concepts 
such as conductivity and permeability are 
introduced. However, ifwe try to extend it to 
very short distance scales, we run into 
trouble; the granularity, or quantum nature, 
of matter and of the field itself becomes 
important, and Maxwell's theory must be 
altered. 

Determining the physics appropriate to 
each length scale is a crucial issue and has 
been known to cause confusion (see "Funda- 
mental Constants and the Rayleigh- 
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Fig. 2. The wavelength of the probe must be smaller than the scale of the structure 
one wants to resolve. Viruses, which are approximately lr5 centimeter in extent, 
cannot be resolved with visible light, the average wavelength of which is 5 X lF5 
centimeter. However, electrons with momentum p of about 20 eV/c have de Broglie 
wavelengths short enough to resolve them. 

Riabouchinsky Paradox"). For example, the 
structure of the nucleus is completely irrele- 
vant when dealing with macroscopic dis- 
tances of, say, 1 centimeter, so it would be 
absurd to try to describe the conductivity of 
iron over this distance in terms of its quark 
and lepton structure. On the other hand, it 
would be equally absurd to extrapolate 
Ohm's law to distance intervals of l o i 3  
centimeter to determine the flow of electric 
current. Relevant physics changes with scale! 

The thrust of particle physics has been to 
study the behavior of matter at shorter and 
shorter distance scales in hopes of under- 
standing nature at its most fandamental 
level. As we probe shorter distance scales, we 
encounter two types of changes in the phys- 

ics. First there is the fundamental change 
resulting from having to use quantum me- 
chanics and special relativity to describe 
phenomena at very short distances. Accord- 
ing to quantum mechanics, particles have 
both wave and particle properties. Electrons 
can produce interference patterns as waves 
and can deposit all their energy at a point as a 
particle. The wavelength 'k associated with 
the particle of momentum p is given by the 
de Broglie relation 

h A = -  
P' 

where h is Planck's constant (h/2n = h = 

1.0546 X 1 r2' erg second). This relation is 

the basis of the often-stated fact that resolv- 
ing smaller distances requires particles of 
greater momentum or energy. Notice, in- 
cidentally, that for sufficiently short wave- 
lengths, one is forced to incorporate special 
relativity since the corresponding particle 
momentum becomes so large that Newto- 
nian mechanics fails. 

The marriage of quantum mechanics and 
special relativity gave birth to quantum field 
theory, the mathematical and physical lan- 
guage used to construct theories of the 
elementary particles. Below we will give a 
brief review of its salient features. Here we 
simply want to remind the reader that quan- 
tum field theory automatically incorporates 
quantum ideas such as Heisenberg% uncer- 
tainty principle and the dual wave-particle 
properties of all of matter, as well as the 
equivalence of mass and energy. 

Since the wavelength of our probe de- 
termines the size of the object that can be 
studied (Fig. 2), we need extremely short 
wavelength (high energy) probes to investi- 
gate particle phenomena. To gain some 
perspective, consider the fact that with vis- 
ible light we can see without aid objects as 
small as an amoeba (about 1 0 '  centimeter) 
and with an optical microscope we can open 
up the world of bacteria at about 1 0  cen- 
timeter. This is the limiting scale of light 
probes because wavelengths in the visible 
spectrum are on the order of 5 X l o 5  cen- 
timeter. 

To resolve even smaller objects we can 
exploit the wave-like aspects of energetic 
particles as is done in an electron micro- 
scope. For example, with "high-energy" elec- 
trons (E 20 eV) we can view the world of 
viruses at a length scale of about 1 0 -  cen- 
timeter. With even higher energy electrons 
we can see individual molecules (about lo-' 
centimeter) and atoms (10'  centimeter). To 
probe down to nuclear ( l o i 2  centimeter) 
and subnuclear scales, we need the particles 
available from high-energy accelerators. To- 
day's highest energy accelerators produce 
100-GeV particles, which probe distance 
scales as small as 1 0 1 6  centimeter. 

This brings us to the second type of change 
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in appropriate physics with change in scale, 
namely, changes in the forces themselves. 
Down to distances of approximately 10-l2 
centimeter, electromagnetism is the domi- 
nant force among the elementary particles. 
However, at this distance the strong force, 
heretofore absent, suddenly comes into play 
and completely dominates the interparticle 
dynamics. The weak force, on the other 
hand, is present at all scales but only as a 
small effect. At the shortest distances being 
probed by present-day accelerators, the weak 
and electromagnetic forces become com- 
parable in strength but remain several orders 
of magnitude weaker than the strong force. It 
is at this scale however, that the fundamental 
similarity of all three forces begins to emerge. 
Thus, as the scale changes, not only does 
each force itself change, but its relationship 
to the other forces undergoes a remarkable 
evolution. In our modern way of thinking, 
which has come from an understanding of 
the renormalization, or scaling, properties of 
quantum field theory, these changes in phys- 
ics are in some ways analogous to the 
paradigm of phase transitions. To a young 
and naive child, ice, water, and steam appear 
to be quite different entities, yet rudimentary 
observations quickly teach that they are dif- 
ferent manifestations of the same stuff, each 
associated with a different temperature scale. 
The modem lesson from renormalization 
group analysis, as discussed in "Scale and 
Dimension-From Animals to Quarks," is 
that the physics of the weak, electromagnetic, 
and strong forces may well represent dif- 
ferent aspects of the same unified interac- 
tion. This is the philosophy behind grand 
unified theories of all the interactions. 

Quantum Electrodynamics and 
Field Theory 

Let us now return to the subject of elec- 
tromagnetism at small distances and de- 
scribe quantum electrodynamics (QED), the 
relativistic quantum field theory, developed 
in the 1930s and 1940s, that extends Max- 
well's theory to atomic scales. We emphasize 
that the standard model is a generalization of 
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this first and most successful quantum field 
theory. 

In quantum field theory every particle has 
associated with it a mathematical operator, 
called a quantum field, that carries the par- 
ticle's characteristic quantum numbers. 
Probably the most familiar quantum number 
is spin, which corresponds to an intrinsic 
angular momentum. In classical mechanics 
angular momentum is a continuous variable, 
whereas in quantum mechanics it is restrict- 
ed to multiples of V2 when measured in units 
of h. Particles with %-integral spin (1/2,3/2, 
512, ...) are called fermions; particles with 
integral spin (0, 1,2,3, ... ) are called bosons. 
Since no two identical fermions can occupy 
the same position at the same time (the 

famous Pauli exclusion principle), a collec- 
tion of identical fermions must necessarily 
take up some space. This special property of 
fermions makes it natural to associate them 
with matter. Bosons, on the other hand, can 
crowd together at a point in space-time to 
form a classical field and are naturally re- 
garded as the mediators of forces. 

In the quantized version of Maxwell's the- 
ory, the electromagnetic field (usually in the 
guise of the vector potential Ap) is a boson 
field that carries the quantum numbers of the 
photon, namely, mass m = 0, spin s = 1, and 
electric charge Q = 0. This quantized field, by 
the very nature of the mathematics, auto- 
matically manifests dual wave-particle 
properties. Electrically charged particles, 
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Fig. 3. (a) The force between two electrons is descn%ed classically by Coulomb's 
law. Each electron creates a force field (shown as lines emanating from the charge 
(e) that is felt by the other electron. The potential energy V is the energy needed to 
bring the two electrons to within a distance r of each other. (b) In quantum field 
theory two electrons feel each other's presence by exchanging virtual photons, or 
virtual particles of light. Photons are the quanta of the electromagnetic field. The 
Feynman diagram above represents the (lowest order, see Fig. 5) interaction 
between two electrons (straight lines) through the exchange of a virtual photon 
(wavy line). 
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such as electrons and positrons, are also rep- 
resented by fields, and, as in the classical 
theory, they interact with each other through 
the electromagnetic field. In QED, however, 
the interaction takes place via an exchange of 
photons. Two electrons "feel" each other's 
presence by passing photons back and forth 
between them. Figure 3 pictures the interac- 
tion with a "Feynman diagram": the straight 
lines represent charged particles and the 
wavy line represents a photon. (In QED such 
diagrams correspond to terms in a 
perturbative expansion for the scattering be- 
tween charged particles (see Fig. 5). 
Similarly, most Feynman diagrams in this 
issue represent lowest order contributions to 
the particle reactions shown.) 

These exchanged photons are rather 
special. A real photon, say in the light by 
which you see, must be massless since only a 
massless particle can move at the speed of 
light. On the other hand, consider the left- 
hand vertex of Fig. 3, where a photon is 
emitted by an electron; it is not difficult to 
convince oneself that if the photon is mass- 
less, energy and momentum are not con- 
served! This is no sin in quantum mechanics, 
however, as Heisenberg's uncertainty prin- 
ciple permits such violations provided they 
occur over sufficiently small space-time in- 
tervals. Such is the case here: the violating 
photon is absorbed at the right-hand vertex 
by another electron in such a way that, over- 
all, energy and momentum are conserved. 
The exchanged photon is "alive" only for a 
period concomitant with the constraints of 
the uncertainty principle. Such photons are 
referred to as virtual photons to distinguish 
them from real ones, which can, of course, 
live forever. 

The uncertainty principle permits all sorts 
of virtual processes that momentarily violate 
energy-momentum conservation. As il- 
lustrated in Fig. 4, a virtual photon being 
exchanged between two electrons can, for a 
very short time, turn into a virtual electron- 
positron pair. This conversion of energy into 
mass is allowed by the famous equation of 
special relativity, E = mc2. In a similar 
fashion almost anything that can happen will 
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happen, given a sufficiently small space-time 
interval. It is the countless multitude of such 
virtual processes that makes quantum field 
theory so rich and so difficult. 

Given the immense complexity of the the- 
ory, one wonders how any reliable calcula- 
tion can ever be made. The saving grace of 
quantum electrodynamics, which has made 
its predictions the most accurate in all of 
physics, is the smallness of the coupling be- 
tween the electrons and the photons. The 
coupling strength at each vertex where an 
electron spews out a virtual photon is just the 
electronic charge e, and, since the virtual 
photon must be absorbed by some other 
electron, which also has charge e, the 
probability for this virtual process is of mag- 
nitude e2. The corresponding dimensionless 
parameter that occurs naturally in this theory 
is denoted by a and defined as e2/47ch c. It is 
approximately equal to 11137. The 
probabilities of more complicated virtual 
processes involving many virtual particles 
are proportional to higher powers of a and 
are therefore very much smaller relative to 
the probabilities for simpler ones. Put 
slightly differently, the smallness of a implies 
that perturbation theory is applicable, and 
we can control the level of accuracy of our 
calculations by including higher and higher 
order virtual processes (Fig. 5). In fact, quan- 
tum electrodynamic calculations of certain 
atomic and electronic properties agree with 
experiment to within one part in a billion. 

As we will elaborate on below, the quan- 
tum field theories of the electroweak and the 
strong interactions that compose the stan- 
dard model bear many resemblances to 
quantum electrodynamics. Not too surpris- 
ingly, the coupling strength of the weak inter- 
action is also small (and in fact remains small 
at all energy or distance scales), so perturba- 
tion theory is always valid. However, the 
analogue of a for the strong interaction is not 
always small, and in many calculations 
perturbation theory is inadequate. Only at 
the high energies above 1 GeV, where the 
theory is said to be asymptotically free, is the 
analogue of a so small that perturbation the- 
ory is valid. At low and moderate energies 
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Fig. 4. A virtualphoton being exchanged between two electrons can, for a very short 
time, turn into a virtual electron-positron (e+-e) pair. This virtual process is one 
of many that contribute to the electromagnetic interaction between electrically 
chargedparticles (see Fig. 5). 

(for example, those that determine the 
properties of protons and neutrons) the 
strong-interaction coupling strength is large, 
and analytic techniques beyond perturbation 
theory are necessary. So far such techniques 
have not been very successful, and one has 
had to resort to the nasty business of numeri- 
cal simulations! 

As discussed at the end of the previous 
section, these changes in coupling strengths 
with changes in scale are the origin of the 
changes in the forces that might lead to a 
unified theory. For an example see Fig. 3 in 
"Toward a Unified Theory." 

Symmetries 

One cannot discuss the standard model 
without introducing the concept of sym- 
metry. It has played a central role in classify- 
ing the known particle states (the ground 
states of 200 or so particles plus excited 
states) and in predicting new ones. Just as the 
chemical elements fall into groups in the 
periodic table, the particles fall into multi- 
plets characterized by similar quantum 
numbers. However, the use of symmetry in 
particle physics goes well beyond mere 

classification. In the construction of the stan- 
dard model, the special kind of symmetry 
known as local symmetry has become the 
guiding dynamical principle; its aesthetic in- 
fluence in the search for unification is rem- 
iniscent of the quest for beauty among the 
ancient Greeks. Before we can discuss this 
dynamical principle, we must first review the 
general concept of symmetry in particle 
physics. 

In addition to electric charge and mass, 
particles are characterized by other quantum 
numbers such as spin, isospin, strangeness, 
color, and so forth. These quantum numbers 
reflect the symmetries of physical laws and 
are used as a basis for classification and, 
ultimately, unification. 

Although quantum numbers such as spin 
and isospin are typically the distinguishing 
features of a particle, it is probably less well 
known that the mass of a particle is some- 
times its only distinguishing feature. For ex- 
ample, a muon (p) is distinguished from an 
electron (e) only because its mass is 200 
times greater that that of the electron. In- 
deed, when the muon was discovered in 
1938, Rabi was reputed to have made the 
remark, "Who ordered that?" And the tau 
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Fig. 5. As shown above, the basic inter- 
action vertex of quantum elec- 
trodynamics is an electron current Jp 
interacting with the electromagnetic 
field A,. Because the coupling strength 
a is small, the amplitude for processes 
involving such interactions can be ap- 
proximated by a perturbation ex- 
pansion on a free field theory. The 
terms in such an expansion, shown at 
left for electron scattering are propor- 
tional to various powers of a. The k g -  
est contribution to the electron-scatter- 
ing amplitude is proportional to a and 
is represented by a Feynmann diagram 
in which the interaction vertex appears 
twice. Successively smaller contribu- 
tions arisefrom terms proportional to 
a* with four interaction vertices, from 
terms proportional to a3 with six inter- 
action vertices, and so on. 

(TI, discovered in 1973, is 3500 times heavier 
than an electron yet again identical to the 
electron in other respects. One of the great 
unsolved mysteries of particle physics is the 
origin of this apparent hierarchy of mass 
among these leptons. (A lepton is a funda- 
mental ferrnion that has no strong interac- 
tions.) Are there even more such particles? Is 
there a reason why the mass hierarchy among 
the leptons is paralleled (as we will describe 
below) by a similar hierarchy among the 
quarks? It is believed that when we under- 
stand the origin of ferrnion masses, we will 
also understand the origin of CP violation in 
nature (see box). These questions are fre- 
quently called the family problem and are 
discussed in the article by Goldman and 
Nieto. 

Groups and Group Multiplets. Whether or 
not the similarity among e, p, and T reflects a 
fundamental symmetry of nature is not 
known. However, we will present several 
possibilities for this family symmetry to in- 
troduce the language of groups and the 
significance of internal symmetries. 

Consider a world in which the three lep- 
tons have the same mass. In this world atoms 
with muons or taus replacing electrons 
would be indistinguishable: they would have 
identical electromagnetic absorption or 
emission bands and would form identical 
elements. We would say that this world is 
invariant under the interchange of electrons, 
muons, and taus, and we would call this 
invariance a symmetry of nature. In the real 
world these particles don't have the same 
mass; therefore our hypothetical symmetry, 
if it exists, is broken and we can distinguish a 
muonic atom from, say, its electronic 
counterpart. 

We can describe our hypothetical in- 
variance or family symmetry among the 
three leptons by a set of symmetry operations 
that form a mathematical construct called a 
group. One property of a group is that any 
two symmetry operations performed in suc- 
cession also corresponds to a symmetry 
operation in that group. For example, replac- 
ing an electron with a muon, and then replac- 
ing a muon with a tau can be defined as two 
discrete symmetry operations that when 
performed in succession are equivalent to 
the discrete symmetry operation of replacing 
an electron with a tau. Another group prop- 
erty is that every operation must have an 
inverse. The inverse of replacing an electron 
with a muon is replacing a muon with an 
electron. This set of discrete operations on 
e, (i, and T forms the discrete six-element 
group 713 (with K standing for permutation). 
In this language e, p, and T are called a 
multiple! or representation of 71i and are said 
to transform as a triplet under xi. 

Another possibility is that the particles e, 
p, and T transform as a triplet under a group 
of continuous symmetry operations. Con- 
sider Fig. 6, where e, (i, and T are represented 
as three orthogonal vectors in an abstract 
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three-dimensional space. The set of continu- 
ous rotations of the three vectors about three 
independent axes composes the group 
known as the three-dimensional rotation 
group and denoted by SO(3). As shown in 
Fig. 6, SO(3) has three independent trans- 
formations, which are represented by or- 
thogonal 3 X 3 matrices. (Note that 713 is a 
subset of S0(3).) 

Suppose that SO(3) were an unbroken 
Family symmetry of nature and e, u, and T 
transformed as a triplet under this sym- 
metry. How would it be revealed experimen- 
tally? The SO(3) symmetry would add an 
extra degree of freedom to the states that 
could be formed by e, p., and T. For example, 
the spatially symmetric ground state of 
helium, which ordinarily must be antisym- 
metric under the interchange of the two elec- 
tron spins, could now be antisymmetric 
under the interchange of either the spin or 
the family quantum number of the two lep- 
tons. In particular, the ground state would 
have three different antisymmetric con-, 
figurations and the threefold degeneracy 
might be split by spin-spin interactions 
among the leptons and by any SO(3) sym- 
metric interaction. Thus the ground state of 
known helium would probably be replaced 
by sets of degenerate levels with small hyper- 
fine energy splittings. 

In particle physics we are always interested 
in the largest group of operations that leaves 
all properties of a system unchanged. Since e, 
p, and T are described by complex fields, the 
largest group of operations that could act on 
this triplet is U(3) (the group of all unitary 3 
X 3 matrices Usatisfying u^U= 1). Another 
possibility is SU(3), a subgroup of U(3) satis- 
fying the additional constraint that det Â£ = 1, 

This list of symmetries that may b& 
reflected in the similarity of e, p, and T is not 
exhaustive. We could invoke a group of sym- 
metry operations that acts on any subset of 
the three particles, such as SU(2) (the group 
of 2 X 2 unitary matrices with det U = 1) 
acting, say, on e and p as a doublet and on T 

as a singlet. Any one of these possibilities 
may be realized in nature, and each possibil- 
ity has different experimentally observable 

Three i nt 
Rotations 

Fig. 6. (a) The three leptons t, p, usd T are represented as three orthogonal vectors 
in an abstract three-dimensional space. (b) The set of rotations about the three 
orthogonal axes defines S0(3), the three-dimensional rotation group. SO(3) has 
three charges (or generators) associated with the infinitesimal transformations 
about the three independent axes. These generators have the same Lie algebra as the 
generators of the group SU(2), as discussed in Lecture Note 4 following this article. 
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tion of strongly interacting particles into 
multiplets of SU(3), a scheme that combines 
strong isospin with the quantum number 
called strangeness, or strong hypercharge. 
(For a more complete discussion of continu- 
ous symmetries and internal global sym- 
metries such as SU(2), see Lecture Notes 2 
and 4.) 

Exact, or unbroken, symmetries also play 
a fundamental role in the construction of 
theories: exact rotational invariance leads to 
the exact conservation of angular momen- 
tum, and exact translational invariance in 
space-time leads to the exact conservation of 
energy and momentum. We will now discuss 
how the exact phase invariance of elec- 
trodynamics leads to the exact conservation 
of electric charge. 

Global U(l) Invariance and Conservation 
Laws. In quantum field theory the dynamics 
of a system are encoded in a function of the 
fields called a Lagrangian, which is related to 
the energy of the system. The Lagrangian is 
the most convenient means for studying the 
symmetries of the theory because it is usually 
a simple task to check if the Lagrangian 
remains unchanged under particular sym- 
metry operations. 

An electron is described in quantum field 
theory by a complex field, 

and a positron is described by the complex 
conjugate of that field, 

Although the real fields y, and yz are 
separately each able to describe a spin-l/z 
particle, the two together are necessary to 
describe a particle with electric charge.* 

The Lagrangian of quantum elec- 
trodynamics is unchanged by the continuous 
operation of multiplying the electron field by 

*The real fields and y12 are four-component 
Majorana fields that together make up the standard 
four-component complex Dime spinor field. 

an arbitrary phase, that is, by the transfor- 
mation 

where A is an arbitary real number and Q is 
the electric charge operator associated with 
the field. The eigenvalue of Q is -1 for an 
electron and +1 for a positron. This set of 
phase transformations forms the global sym- 
metry group U(1) (the set of unitary 1 X 1 
matrices). In QED this symmetry is un- 
broken, and electric charge is a conserved 
quantum number of the system. 

There are other global U(1) symmetries 
relevant in particle physics, and each one 
implies a conserved quantum number. For 
example, baryon number conservation is as- 
sociated with a U(1) phase rotation of all 
baryon fields by an amount e"̂ , where 5 = 1 
for protons and neutrons, B=lh for quarks, 
and B = 0 for leptons. Analogously, electron 
number is conserved if the field of the elec- 
tron neutrino is assigned the same electron 
number as the field of the electron and all 
other fields are assigned an electron number 
of zero. The same holds true for muon num- 
ber and tau number. Thus a global U(1) 
phase symmetry seems to operate on each 
type of lepton. (Possible violation of muon- 
number conservation is discussed in "Ex- 
periments To Test Unification Schemes.") 

The Principle of Local Symmetry 

We are now ready to distinguish a global 
phase symmetry from a local one and exam- 
ine the dynamical consequences that emerge 
from the latter. Figure 7 illustrates what hap- 

pens to the electron field under the global 
phase transformation vÃ‘ eiAQv. For con- 
venience, space-time is represented by a set 
of discrete points labeled by the index j. The 
phase of the electron field at each point is 
represented by an arrow that rotates about 
the point, and the kinetic energy of the field 
is represented by springs connecting the ar- 
rows at different space-time points. A global 
U(1) transformation rotates every two-di- 
mensional vector by the same arbitrary angle 
A: 6,- 0, + QA, where Q is the electric 
charge. In order for the Lagrangian to be 
invariant under this global phase rotation, it 
is clearly sufficient for it to be a function only 
of the phase differences (0; - 0,). Both the free 
electron terms and the interaction terms in 
the QED Lagrangian are invariant under this 
continuous global symmetry. 

A local U(1) transformation, in contrast, 
rotates every two-dimensional vector by a 
different angle Aj This local transformation, 
unlike its global counterpart, does not leave 
the Lagrangian of the free electron invariant. 
As represented in Fig. 7 by the stretching and 
compressing of the springs, the kinetic 
energy of the electron changes under local 
phase transformations. Nevertheless, the full 
Lagrangian of quantum electrodynamics is 
invariant under these local U(1) transforrna- 
tions. The electromagnetic field (Ap) 
precisely compensates for the local phase 
rotation and the Lagrangian is left invariant. 
This is represented in Fig. 7 by restoring the 
stretched and compressed springs to their 
initial tension. Thus, the kinetic energy of the 
electron (the energy stored in the springs) is 
the same before and after the local phase 
transformation. 

In our discrete notation, the full La- 

Fig. 7. Global versus local phase transformations. The arrows represent the phases 
of an electron field at four discrete points labeled by j = 1,2,3,  and 4. The springs 
represent the kinetic energy of the electrons. A global phase transformation does 
not change the tension in the springs and therefore costs no energy. A local phase 
transformation without gauge interactions stretches and compresses the springs 
and thus does cost energy. However introduction of the gauge field (represented by 
the white haze) exactly compensates for the local phase transformation of the 
electron field and the springs return to their original tension so that local phase 
transformations with gauge interactions do not cost energy. 
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U(1l Local Symmetry of QED 

The matrix with elements Ajk is the discrete 
space-time analogue of the electromagnetic 
potential defined on the links between the 
points k and j. Thus, if one starts with a 
theory of free electrons with no interactions 
and demands that the physics remain in- 
variant under local phase transformation of 
the electron fields, then one induces the stan- 
dard electromagnetic interactions between 
the electron current J^ and photon field Au, 
as shown in Figs. 5 and 8. From this point of 
view, Maxwell's equations can be viewed as a 
consequence of the local U(1) phase in- 
variance. Although this local invariance was 
originally viewed as a curiosity of QED, it is 
now viewed as the guiding principle for con- 
structing field theories. The invariance is 
usually termed gauge invariance, and the 
photon is referred to as a gauge particle since 
it mediates the U(1) gauge interaction. It is 
worth emphasizing that local U(1) in- 
variance implies that the photon is massless 
because the term that would describe a 
massive photon is not itself invariant under 
local U(1) transformations. 

The local gauge invariance of QED is the 
prototype for theories of both the weak and 
the strong interactions. Obviously, since 
neither of these is a long-range interaction, 
some additional features must be at work to 
account for their different properties. Before 
turning to a discussion of these features, we 
stress that in theories based on local gauge 
invariance, currents always play an impor- 
tant role. In classical electromagnetism the 
fundamental interaction takes place between 
the vector potential and the electron current; 
this is reflected in quantum electrodynamics 
by Feynman diagrams: the virtual photon 
(the gauge field) ties into the current 
produced by the moving electron (see Fig. 8). 
As will become clear below, a similar situ- 
ation exists in the strong interaction and, 
more important, in the weak interaction. 

Fig. 8. The U(l)  local symmetry of QED implies the existence of a gauge field to 
compensate for the local phase transformation of the electrically charged matter 
fields. The generator of the U(l) local phase transformation is Q, the electric 
charge operator defined in the figure in terms of the current density JO.  The gauge 
field A, interacts with the electrically charged matter fields through the current J p. 

The coupling strength is e, the charge of the electron. 

The Strong Interaction about l o 1 *  centimeter across. As already 
emphasized, the force that binds the protons 
and neutrons together to form the nucleus is 

In an atom electrons are bound to the much stronger and considerably shorter in 
nucleus by the Coulomb force and occupy a range than the electromagnetic force. Lep- 
region about l o 8  centimeter in extent. The tons do not feel this strong force; particles 
nucleus itself is a tightly bound collection of that do participate in the strong interactions 
protons and neutrons confined to a region are called hadrons. 
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of "Elementary Particlesw 

The mystery of the strong force and the 
structure of nuclei seemed very intractable as 
little as fifteen years ago. Studying the rele- 
vant distance scales requires machines that 
can accelerate protons or electrons to 
energies of 1 GeV and beyond. Experiments 
with less energetic probes during the 1950s 
revealed two very interesting facts. First, the 
strong force does not distinguish between 
protons and neutrons. (In more technical 
language, the proton and the neutron trans- 
form into each other under isospin rotations, 
and the Lagrangian of the strong interaction 
is invariant under these rotations.) Second, 
the structure of protons and neutrons is as 
rich as that of nuclei. Furthermore, many 
new hadrons were discovered that were ap- 
parently just as "elementary" as protons and 
neutrons. 

The table of "elementary particles" in the 
mid-1 960s displayed much of the same com- 
plexity and symmetry as the periodic table of 
the elements. In 1961 both Gell-Mann and 
Ne'eman proposed that all hadrons could be 
classified in multiplets of the symmetry 
group called SU(3). The great triumph of this 
proposal was the prediction and subsequent 
discovery of a new hadron, the omega minus. 
This hadron was needed to fill a vacant space 
in one of the SU(3) multiplets (Fig. 9). 

In spite of the SU(3) classification scheme, 
the belief that all of these so-called elemen- 
tary particles were truly elementary became 
more and more untenable. The most con- 
tradictory evidence was the finite size of 
hadrons (about 1 0 1 3  centimeter), which 
drastically contrasted with the point-like 
nature of the leptons. Just as the periodic 
table was eventually explained in terms of a 
few basic building blocks, so the hadronic 
zoo was eventually tamed by postulating the 
existence of a small number of "truly 
elementary point-like particles" called 
quarks. In 1963 Gell-Mann and, in- 
dependently, Zweig realized that all hadrons 
could be constructed from three spin-% fer- 
mions, designated u, d, and s (up, down, and 
strange). The SU(3) symmetry that mani- 
fested itself in the table of "elementary parti- 
cles" arose from an invariance of the La- 
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grangian of the strong interaction to rota- 
tions among these three objects. This global 
symmetry is exact only if the u, d, and s 
quarks have identical masses, which implies 
that the particle states populating a given 
SU(3) multiplet also have the same mass. 
Since this is certainly not the case, SU(3) is a 
broken global symmetry. The dominant 
breaking is presumed to arise, as in the exam- 
ple of e, p, and T, from the differences in the 
masses of the u, d, and s quarks. The origin of 
these quark masses is one of the great un- 
answered questions. It is established, how- 
ever, that SU(3) symmetry among the u, d, 
and s quarks is preserved by the strong inter- 
action. Nowadays, one refers to this SU(3) as 
a flavor symmetry, with u, d, and s represent- 
ing different quark flavors. This nomen- 
clature is to distinguish it from another and 
quite different SU(3) symmetry possessed by 
quarks, a local symmetry that is associated 
directly with the strong force and has become 
known as the SU(3) of color. The theory 
resulting from this symmetry is called quan- 
tum chromodynamics (QCD), and we now 
turn our attention to a discussion of its 
properties and structure. 

The fundamental structure of quantum 
chromodynamics mimics that of quantum 
electrodynamics in that it, too, is a gauge 
theory (Fig. 10). The role of electric charge is 
played by three "colors" with which each 
quark is endowed-red, green, and blue. The 
three color varieties of each quark form a 
triplet under the SU(3) local gauge sym- 
metry. A local phase transformation of the 
quark field is now considerably extended 
since it can rotate the color and thereby 
change a red quark into a blue one. The local 
gauge transformations of quantum elec- 
trodynamics simply change the phase of an 
electron, whereas the color transformations 
of QCD actually change the particle. (Note 
that these two types of phase transformation 
are totally independent of each other.) 

We explained earlier that the freedom to 
change the local phase of the electron field 
forces the introduction of the photon field 
(sometimes called the gauge field) to keep the 
Lagrangian (and therefore the resulting phys- 
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ics) invariant under these local phase 
changes. This is the principle of local sym- 
metry. A similar procedure applied to the 
quark field induces the so-called chromo- 
dynamic force. There are eight independent 
symmetry transformations that change the 
color of a quark and these must be com- 
pensated for by the introduction of eight 
gauge fields, or spin-1 bosons (analogous to 
the single photon of quantum elec- 
trodynamics). Extension of the local U(1) 
gauge invariance of QED to more com- 
plicated symmetries such as SU(2) and SU(3) 
was first done by Yang and Mills in 1954. 
These larger symmetry groups involve so- 
called non-Abelian, or non-commuting alge- 
bras (in which AB + BA), so it has become 
customary to refer to this class of theories as 
"non-Abelian gauge theories." An alterna- 
tive term is simply "Yang-Mills theories." 

The eight gauge bosons of QCD are re- 
ferred to by the bastardized term "gluon," 
since they represent the glue that holds the 
physical hadrons, such as the proton, 
together. The interactions of gluons with 
quarks are depicted in Fig. 10. Although 
gluons are the counterpart to photons in that 
they have unit spin and are massless, they 
possess one crucial property not shared by 
photons: they themselves carry color. Thus 
they not only mediate the color force but also 
carry it; it is as if photons were charged. This 
difference (it is the difference between an 
Abelian and a non-Abelian gauge theory) has 
many profound physical consequences. For 
example, because gluons carry color they can 
(unlike photons) interact with themselves 
(see Fig. 10) and, in effect, weaken the force 
of the color charge at short distances. The 
opposite effect occurs in quantum elec- 
trodynamics: screening effects weaken the 
effective electric charge at long distances. (As 
mentioned above, a virtual photon emanat- 
ing from an electron can create a virtual 
electron-positron pair. This polarization 
screens, or effectively decreases, the elec- 
tron's charge.) 

The weakening of color charge at short 
distances goes by the name of asymptotic 
freedom. Asymptotic freedom was first ob- 

40 

^ . . . ' , I * ,  . , 
h * " + 

Fig. 10. The SU(3) local color symmetry implies the existence of eight massless 
gauge fields (the gluons) to compensate for the eight independent local transforma- 
tions of the colored quark fields. The subscripts r, g, and b on the gluon and quark 
fields correspond respectively to red, green, and blue color charges. The eight 
gluons carry color and obey the non-Abelian algebra of the SU(3) generators (see 
Lecture Note 4). The interactions induced by the local SU(3) color symmetry 
include a quark-gluon coupling as well as two types of gluon self-interactions (one 
proportional to the couping g, and the other proportional to gi). 
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served in deep inelastic scattering experi- 
ments (see "Scaling in Deep Inelastic Scatter- 
ing"). This phenomenon explains why 
hadrons at high energies behave as if they 
were made of almost free quarks even though 
one knows that quarks must be tightly bound 
together since they have never been ex- 
perimentally observed in their free state. The 
weakening of the force at high energies 
means that we can use perturbation theory to 
calculate hadronic processes at these 
energies. 

42 

The self-interaction of the gluons also ex- 
plains the apparently permanent confine- 
ment of quarks. At long distances it leads to 
such a proliferation of virtual gluons that the 
color charge effectively grows without limit, 
forbidding the propagation of all colored 
particles. Only bleached, or color-neutral, 
states (such as baryons, which have equal 
proportions of red, blue, and green, or 
mesons which have equal proportions of red- 
antired, green-antigreen, and blue-antiblue) 
are immune from this confinement. Thus all 

observable hach'ons are necessarily colorless, 
whereas quarks and gluons are permanently 
confined* This is just as well since gluons are 
massless* and by analogy with the photon, 
unconfined massless ghions should give rise 
to a long-range. Coulomb-like, color force in 
the strong interactions. Such a force is clearly 
at variance with experiment! Even though 
color is confined, residual strong color forces 
can still "leak out" in the form of color- 
neutral pbns or other hadrong and be re- 
sponsible for the binding of protons and 
neutrons in nuclei (much as residual elec- 
tromagnetic fortes bind atoms together to 
form molecules). 

The success of QCD in explaining short- 
distance behavior and its aesthetic appeal as 
a generalization of QED have given it its 
place in the standard model. However, con- 
fidence in this theory still awaits convincing 
calculations of phenomena at distance scales 
of 10-l~ centimeter, where the "strong*' 
nature of the three becomes dominant and 
perturbation theory is no longer valid. (Lat- 
tice gauge theory calculations of the hadronic 
spectrum are becoming more and more re- 
liable. See "QCD on a Gray: The Masses of 
Elementary Particles.'*) 

The Weak Interaction 

Many nuclei are known to be unstable and 
to emit several kinds of particles when they 
decay; historically these particles were called 
alpha particles, beta rays, and gamma rays. 
These three are now associated with three 
quite different modes of decay. An alpha 
particle, itself a helium nucleus, is emitted 
during the strong-interaction decay mode 
known as fission. Large nuclei that are only 
loosely bound by the strong force (such as 
uranium-238) can split into two stable 
pieces, one of which is an alpha particle. A 
gamma ray is simply a photon with "high" 
energy (above a few MeV) and is emitted 
during the decay of an excited nucleus. A 
beta ray is an electron emitted when a neu- 
tron in a nucleus decays into a proton, an 
electron, and an electron antineutrino ( n ~ p  
+ e +  Vs, see Fig. 1 1). The proton remains in 
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Fig. 11. (a) Components of the charge-raising weak current J,̂  are represented in 
the figure by Feynman diagrams in which a neutron changes into a proton, an 
electron into an electron neutrino, and a muon into a muon neutrino. The charge- 
lowering current Jieak is represented by reversing the arrows. (b) Beta decay 
(shown in the figure) and other low-energy weakprocesses are well described by the 
Fermi interaction J L  X J;& The figure shows the Feynman diagram of the 
Fermi interaction for beta decay. 

the nucleus, and the electron and its anti- 
neutrino escape. This decay mode is 
characterized as weak because it proceeds 
much more slowly than most elec- 
tromagnetic decays (see Table 1). Other 
baryons may also undergo beta decay. 

Beta decay remained very mysterious for a 
I long time because it seemed to violate 

energy-momentum conservation. The free 
neutron was observed to decay into two 
particles, a proton and an electron, each with 
a spectrum of energies, whereas energy- 
momentum conservation dictates that each 
should have a unique energy. To solve this 
dilemma, Pauli invoked the neutrino, a 
massless, neutral fermion that participates 
only in weak interactions. 

The Fermi Theory. Beta decay is just one of 
many manifestations of the weak interaction. 
By the 1950s it was known that all weak 
processes could be concisely described in 
terms of the current-current interaction first 
proposed in 1934 by Fermi. The charged 
weak currents ./teak and ./weak change the 
electric charge of a ferrnion by one unit and 
can be represented by the sum of the Feyn- 
man diagrams of Fig. 1 la. In order to de- 
scribe the maximal parity violation, (that is, 
the maximal right-left asymmetry) observed 
in weak interactions, the charged weak cur- 
rent includes only left-handed femion fields. 
(These are defined in Fig. 12 and Lecture 
Note 8.) 

Fermi's current-current interaction is then 
given by all the processes included in the 
product (t&/fi) ( J L ~  X ^weak) where 
./weak means all arrows in Fig. 1 la are re- 
versed. This interaction is in marked con- 
trast to quantum electrodynamics in which 
two currents interact through the exchange of 
a virtual photon (see Fig. 3). In weak 
processes two charge-changing currents ap- 
pear to interact locally (that is, at a single 
point) without the help of such an inter- 
mediary. The coupling constant for this local 
interaction, denoted by Gv and called the 
Ferrni constant, is not dimensionless like the 
coupling parameter a in QED, but has the 
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left-handed fields contribute to the weak charged currents 
shown in Fig. 11. The left- and right-handedness (or 
chirality) of a field describes a Lorentz covariant decom- 
position of Dirac spinor fields. 

Fig. 12. A Dimc spinor field can be decomposed into left- 
and right-handed pieces. A left-handed field creates two 
types of particle states at ultrarelativistic energies-uu a 
particle with spin opposite to the direction of motion, and uv, 
an antiparticle with spin along the direction of motion. Only 

dimension of mass2 or energy2. In units of 
energy, the measured value of ~p~~~ equals 
293 GeV. Thus the strength of the weak 
processes seems to be determined by a speci- 
fic energy scale. But why? 

range force between nucleons), where a' is 
the analogue of a and the mass My is so large 
that this potential has essentially no range. 
The Fourier transform of this potential, 
a'/(<72 + M&), suggests that, if this idea is 
correct, the interaction between the weak 
currents is mediated by a "heavy photon" of 
mass Mw Nowadays this particle is called 
the W boson; its existence explains the short 
range of the weak interactions. 

Notice that at low energies, or, equi- 
valently, when ~ ] y  ^> 2, the Fourier trans- 
form, or so-called propagator of the W 
boson, reduces to o. 'f(~]y), and since this 
factor multiplies the two currents, it must be 
proportional to Fermi's constant. Thus the 
existence of the W boson gives a natural 
explanation of why Gv is not dimensionless. 

Now, since both the weak and electro- 

magnetic interactions involve electric 
charge, these two might be manifestations of 
the same basic force. If they were, then a' 
might be the same as a and 6 would be 
proportional to a/& Thus the existence of 
a very massive W boson can explain not only 
the short range but also the weakness of weak 
interactions relative to electromagnetic in- 
teractions! This argument not only predicts 
the existence of a W boson but also yields a 
rough estimate of its mass: 

Predictions of the W boson. An explanation 
emerges if we postulate the existence of an 
intermediary for the weak interactions. Re- 
call from Fig. 3 that the exchanged, or vir- 
tual, photons in QED basically correspond to 
the Coulomb potential a/r, whose Fourier 
transform is a/#, where q is the momentum 
of the virtual photon. It is tempting to sug- 
gest that the nearly zero range of the weak 
interaction is only apparent in that the two 
charged currents interact through a potential 
of the form a'[exp(-Mwr)]/r (a form orig- 
inally proposed by Yukawa for the short- 

This prediction of a new particle was made in 
the 1950s, when such energies were well 
beyond reach of the existing accelerators. 

Arguments like the one above convinced 
physicists that a theoretical unification of 
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electromagnetic and weak interactions must 
be possible. Several attempts were made in 
the 1950s and 1960s, notably by Schwinger 
and his student Glashow and by Ward and 
Salam, to construct an "electroweak theory" 
in terms of a local gauge (Yang-Mills) theory 
that generalizes QED. Ultimately, Weinberg 
set forth the modem solution to giving 

masses to the weak bosons in 1967, although 
it was not accepted as such until 't Hooft and 
Veltman showed in 197 1 that it constituted a 
consistent quantum field theory. The success 
of the electroweak theory culminated in 1982 
with the discovery at CERN of the W boson 
at almost exactly the prediced mass. Notice, 
incidentally, that at sufficiently high 

energies, where q2 Ã M&, the weak interac- 
tion becomes comparable in strength to the 
electromagnetic. Thus we see explicitly how 
the apparent strength of the interaction de- 
pends on the wavelength of the probe. 

The SU(2) X U(1) Electroweak Theory. 
Since quantum electrodynamics is a gauge 
theory based on local U(1) invariance, it is 
not too surprising that the theory unifying 
the electromagnetic and weak forces is also a 
gauge theory. Construction of such a theory 
required overcoming both technical and phe- 
nomenological problems. 

The technical problem concerned the fact 
that an electroweak gauge theory is 
necessarily a Yang-Mills theory (that is, a 
theory in which the gauge fields interact with 
each other); the gauge fields, namely the W 
bosons, must be charged to mediate the 
charge-changing weak interactions and there- 
fore by definition must interact with each 
other electromagnetically through the 
photon. Moreover, the local gauge symmetry 
of the theory must be broken because an 
unbroken symmetry would require all the 
gauge particles to be massless like the photon 
and the gluons, whereas the W boson must 
be massive. A major theoretical difficulty 
was understanding how to break a Yang- 
Mills gauge symmetry in a consistent way. 
(The solution is presented below.) 

In addition to the technical issue, there 
was the phenomenological problem of choos- 
ing the correct local symmetry group. The 
most natural choice was SU(2) because the 
low-lying states (that is, the observed quarks 
and leptons) seemed to form doublets under 
the weak interaction. For example, a W- 
changes ve into e, v,, into p, or u into d (where 
all are left-handed fields), and the W ^  effects 
the reverse operation. Moreover, the three 
gauge bosons required to compensate for the 
three independent phase rotations of a local 
SU(2) symmetry could be identified with the 
w^, the W ,  and the photon. Un- 
fortunately, this simplistic scenario does not 
work: it gives the wrong electric charge as- 
signments for the quarks and leptons in the 
SU(2) doublets. Specifically, electric charge 
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Q would be equal to the SU(2) charge 13, and 
the values of I3 for a doublet are H 2 .  This is 
clearly the wrong charge. In addition, SU(2) 
would not distinguish the charges of a quark 
doublet (3'3 and 4 3 )  from those of a lepton 
doublet (0 and - 1 ). 

To get the correct charge assignments, we 
can either put quarks and leptons into SU(2) 
triplets (or larger multiplets) instead of 
doublets, or we can enlarge the local sym- 
metry group. The first possibility requires 
the introduction of new heavy fermions to 
fill the multiplets. The second possibility 
requires the introduction of at least one new 
U(1) symmetry (let's call it weak hypercharge 
Y), which yields the correct electric charge 
assignments if we define 

This is exactly the possibility that has been 
confirmed experimentally. Indeed, the elec- 
troweak theory of Glashow, Salam, and 
Weinberg is a local gauge theory with the 
symmetry group SU(2) X U(1). Table 2 gives 
the quark and lepton multiplets and their 
associated quantum numbers under SU(2) X 
U(l), and Fig. 13 displays the interactions 
defined by this local symmetry. There is one 
coupling associated with each factor of SU(2) 
X U(1), a couplinggfor SU(2) and a coupling 
g72  for U(1). 

The addition of the local U(1) symmetry 
introduces a new uncharged gauge particle 
into the theory that gives rise to the so-called 
neutral-current interactions. This new type 
of weak interaction, which allows a neutrino 
to interact with matter without changing its 
identity, had not been observed when the 
neutral weak boson was first proposed in 
1961 by Glashow. Not until 1973, after all 
the technical problems with the SU(2) X 
U(l) theory had been worked out, were these 
interactions observed in data taken at CERN 
in 1969 (see Fig. 14). 

The physical particle that mediates the 
weak interaction between neutral currents is 
the massive 2'. The electromagnetic interac- 
tion between neutral currents is mediated by 
the familiar massless photon. These two 
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physical particles are different from the two 
neutral gauge particles (B and W3) associated 
with the unbroken SU(2) X U(1) symmetry 
shown in Fig. 13. In fact, the photon and the 
z0 are linear combinations of the neutral 
gauge particles W3 and B: 

A = B c 0 s 6 ~ +  W3sinOw 

and 

~ ~ = ~ s i n 6 ~ -  W3cos&w. 

The mixing of SU(2) and U(1) gauge parti- 
cles to give the physical particles is one result 
of the fact that the SU(2) X U(1) symmetry 
must be a broken symmetry. 

Spontaneous Symmetry Breaking. The astute 
reader may well be wondering how a local 
gauge theory, which in QED required the 
photon to be massless, can allow the 
mediator of the weak interactions to be 
massive, especially since the two forces are to 
be unified. The solution to this paradox lies 
in the curious way in which the SU(2) X U(1) 
symmetry is broken. 

As Nambu described so well, this breaking 
is very much analogous to the symmetry 
breaking that occurs in a superconductor. A 
superconductor has a local U(1) symmetry, 
namely, electromagnetism. The ground state, 
however, is not invariant under this sym- 
metry since it is an ordered state of bound 
electron-electron pairs (the so-called Cooper 
pairs) and therefore has a nonzero electric 
charge distribution. As a result of this asym- 
metry, photons inside the superconductor 
acquire an effective mass, which is responsi- 
ble for the Meissner effect. (A magnetic field 
cannot penetrate into a superconductor; at 
the surface it decreases exponentially at a 
rate proportional to the effective mass of the 
photon.) 

In the weak interactions the symmetry is 
also assumed to be broken by an asymmetry 
of the ground state, which in this case is the 
"vacuum." The asymmetry is due to an or- 
dered state of electrically neutral bosons that 
carry the weak charge, the so-called Higgs 
bosons. They break the SU(2) X U(1) sym- 
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metry to give the U(1) of electromagnetism 
in such a way that the W^ and the z0 obtain 
masses and the photon remains massless. As 
a result the charges I3 and Y associated with 
SU(2) X U(1) are not conserved in weak 
processes because the vacuum can absorb 
these quantum numbers. The electric charge 
Q associated with U(1) of electromagnetism 
remains conserved. 

The asymmetry of the ground state is fre- 
quently referred to as spontaneous symmetry 
breaking; it does not destroy the symmetry of 
the Lagrangian but destroys only the sym- 
metry of the states. This symmetry breaking 
mechanism allows the electroweak La- 
grangian to remain invariant under the local 
symmetry transformations while the gauge 
particles become massive (see Lecture Notes 
3,6, and 8 for details). 

In the spontaneously broken theory the 
electromagnetic coupling e is given by the 
expression e = gsin Ow, where 

Thus, e and Ow are an alternative way of 
expressing the couplings g and g', and just as 
e is not determined in QED, the equally 
important mixing angle â‚¬ is not determined 
by the electroweak theory. It is, however, 
measured in the neutral-current interactions. 
The experimental value is sin2 â‚¬ = 0.224 + 
0.0 15. The theory predicts that 

These relations (which are changed only 
slightly by small quantum corrections) and 
the experimental value for the weak angle Ow 
predict masses for the W' and z0 that are in 
very good agreement with the 1983 observa- 
tions of the W' and z0 at CERN. 

In the electroweak theory quarks and lep- 
tons also obtain mass by interacting with the 
ordered vacuum state. However, the values 
of their masses are not predicted by the 

Particle 

taken with the CERN Gargamelle bubble chamber. The figure illustrates the 
difference between neutral-current and charged-current interactions and shows the 
bubble-chamber signature of each. The bubble tracks are created by charged 
particles moving through superheated liquid freon. The incoming antineutrinos 
interact with protons in the liquid. A neutral-current interaction leaves no track 
from a lepton, only a track/rom the positivley charged proton and perhaps some 
tracks from pions. A charged-current interaction leaves a t r a w r o m  a positively 
charged muon only. 
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theory but are proportional to arbitrary 
parameters related to the strength of the 
coupling of the quarks and leptons to the 
Higgs boson. 

The Higgs Boson. In the simplest version of 
the spontaneously broken electroweak 
model, the Higgs boson is a complex SU(2) 
doublet consisting of four real fields (see 
Table 2). These four fields are needed to 
transform massless gauge fields into massive 
ones. A massless gauge boson such as the 
photon has only two orthogonal spin compo- 
nents (both transverse to the direction of 
motion), whereas a massive gauge boson has 
three (two transverse and one longitudinal, 
that is, in the direction of motion). In the 
electroweak theory the w+, the W ,  and the 
2' absorb three of the four real Higgs fields 
to form their longitudinal spin components 
and in so doing become massive. In more 
picturesque language, the gauge bosons "eat" 
the Higgs boson and become massive from 
the feast. The remaining neutral Higgs field 
is not used up in this magic transformation 
from massless to massive gauge bosons and 
therefore should be observable as a particle 
in its own right. Unfortunately, its mass is 
not fixed by the theory. However, it can 
decay into quarks and leptons with a definite 
signature. It is certainly a necessary compo- 
nent of the theory and is presently being 
looked for in high-energy experiments at 
CERN. Its absence is a crucial missing link in 
the confirmation of the standard model. 

Open Problems. Our review of the standard 
model would not be complete without men- 
tion of some questions that it leaves un- 
answered. We discussed above how the three 
charged leptons (e, p, and T) may form a 
triplet under some broken symmetry. This is 
only part of the story. There are, in fact, three 
quark-lepton families (Table 3), and these 
three families may form a triplet under such 
a broken symmetry. (There is a missing state 
in this picture: conclusive evidence for the 
top quark t has yet to be presented. The 
bottom quark b has been observed in 
e'eannihilation experiments at SLAC and 
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Cornell.) The standard model says nothing 
about why three identical families of quarks 
and leptons should exist, nor does it give any 
clue about the hierarchical pattern of their 
masses (the T family is heavier than the p 
family, which is heavier than the e family). 
This hierarchy is both puzzling and intri- 
guing. Perhaps there are even more un- 
discovered families connected to the broken 
family symmetry. The symmetry could be 
global or local, and either case would predict 
new, weaker interactions among quarks and 
leptons. 

Table 3 brings up two other open ques- 
tions. First, we have listed the neutrinos as 
being massless. Experimentally, however, 
there exist only upper limits on their possible 
masses. The most restrictive limit comes 
from cosmology, which requires the sum of 
neutrino masses to be less then 100 eV. It is 
known from astrophysical observations that 
most of the energy in the universe is in a 
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form that does not radiate elec- 
tromagnetically. If neutrinos have mass, they 
could, in fact, be the dominant form of 
energy in the universe today. 

Second, we have listed u and d, c and s, 
and t and b as doublets under weak SU(2). 
This is, however, only approximately true. 
As a result of the broken family symmetry, 
states with the same electric charge (the d, s, 
and b quarks or the u, c, and t quarks) can 
mix, and the weak doublets that couple to the 
w*- bosons are actually given by u and dt, 
c and st, and t and b'. A 3 X 3 unitary matrix 
known as the Kobayashi-Maskawa (K-M) 
matrix rotates the mass eigenstates (states of 
definite mass) d, s, and b into the weak 
doublet states dt, st, and bt. The K-M matrix 
is conventionally written in terms of three 
mixing angles and an arbitrary phase. The 
largest mixing is between the d and s quarks 
and is characterized by the Cabibbo angle 
ec (see Lecture Note 9), which is named for 

the man who studied strangeness-changing 
weak decays such as Z' - p + e + &. The 
observed value of sin Or is about 0.22. The 
other mixing angles are all at least an order of 
magnitude smaller. The structure of the K-M 
matrix, like the masses of the quarks and 
leptons, is a complete mystery. 

Conclusions 

Although many mysteries remain, the 
standard model represents an intriguing and 
compelling theoretical framework for our 
present-day knowledge of the elementary 
particles. Its great virtue is that all of the 
known forces can be described as local gauge 
theories in which the interactions are gener- 
ated from the single unifying principle of 
local gauge invariance. The fact that in quan- 
tum field theory interactions can drastically 
change their character with scale is crucial to 



74 two experimental groups p~rsiiiog completely different 
of research at different laboratories simultaneously dis- 

vend the same particle. <In deference to the different aames 
adopted by the two groups, the particle is now derrsd to as J/v.) At 
SPEAR, the electron-positron storage ring at the Stanford Linear 
Accelerator Center, a group led by Â£8 Richter was investigating, as ft 
function of incident energy, the process of electron-positron aaaihila- 
tjton to hadrons. They found an enormous and very narrow resonance 
at a collision energy of abort 3.1 GeV and attributed it to the 
formation of a new particle w. Meanwhile, at the Brooldiaven ACS, a 
group led by $3. Ting was investigating essentially the inverse gm~ess, 
the formation of electron-positron pairs in collisions of protons with 
nueleons. They &&mined the number of&$-prodadng events as a 
function of the mass of the parent particle (as deduced from the 
energy and of each electron-positron pair) and 
found a v aed increase at a mass of about 
3.1 CieV'/c2. This resonance also was attributed to the formation of a 
aew particle J, 

The surprisiay long lifetime ofJ/w, as indicated by the narrow- 
ness of the resonance, implied that iu decay to lighter hadroas <& 
according to the original quark model, composed of the up, down, 
and strange quarks) was somehow inhibited. This inhibition was 
given two possible interpretations: J/y was perhaps a form of matter 
exhibiting a net "color" <a quantum property of quarks), or it was 
perhaps a meson containing the postulated charmed sed satin 
charmed quarks. The latter interpretation w&s scon adopted, and in 

those tenas the production of JT/y in the two experiiaeots can bs 
written 

For further elddation of the Jfv system, ̂ -a-posiinoa annihila- 
tion proved more fruitful than the hadronic production process. 

This <liscovery of a fourth Qwk (which had been 
Gla&ow and J. Bjortosa in W4 to achieve a 
namber of quarks and the known nuaxber o 

a& L. Maiaai in i 970 to 

Cen ter-of-Mass Energy (GeV) 

evidence for fornation of J/iy in 
psi/ron annihilations at SPEAR. (Adapted from SLAC L 
Beam Line, Volume 7, Number 11, November 1976.j 
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I n 1977 a group led by L. Ledeman provided evidence for a fifth, or bottom, quark 
with the discovery of T, a long-lived particle three times more massive than J/w. In 
an experiment similar to that of Ting and coworkers and performed at the 

Fennilab proton accelerator, the group determined the number of events giving rise to 
muon-antimuon pairs as a function of the mass of the parent particle and found a sharp 
increase at about 9.5 Ckv/c2. Like the J/y system, the T system has been elucidated in 
detail from experiments involving electron-positron collisions rather than proton 
collisions, in this case at Cornell's electron storage ring, CESR. 

The existence of the bottom quark, and of a sixth, or top, quark, was expected on the 
basis of the discovery of the tau lepton at SPEAR in 1975 and Glashow and Bjorken's 
1964 argument of quark-lepton symmetry. Recent results from high-energy proton- 
antiproton collision experiments at CERN have been interpreted as possible evidence 
for the top quark with a mass somewhere between 30 and 50 Ciev/c2. R 

this approach. The essence of the standard 
model is to put the physics of the apparently 
separate strong, weak, and electromagnetic 
interactions in the single language of local 
gauge field theories, much as Maxwell put 
the apparently separate physics of 
Coulomb's, Ampere's, and Faraday's laws 
into the single language of classical field the- 
ory. 

It is very tempting to speculate that, be- 
cause of the chameleon-like behavior of 
quantum field theory, all the interactions are 
simply manifestations of a single field the- 
ory. Just as the "undetermined parameters" 

SO and po were related to the velocity of light 
through Maxwell's unification of electricity 
and magnetism, so the undetermined 
parameters of the standard model (such as 
quark and lepton masses and mixing angles) 
might be fixed by embedding the standard 
model in some grand unified theory. 

A great deal of effort has been focused on 
this question during the past few years, and 
some of the problems and successes are dis- 
cussed in "Toward a Unified Theory" and 
"Supersymmetry at 100 GeV.?' Although 
hints of a solution have emerged, it is fair to 
say that we are still a long way from for- 

mulating an ultimate synthesis of all physical 
laws. Perhaps one of the reasons for this is 
that the role of gravitation still remains mys- 
terious. This weakest of all the forces, whose 
effects are so dramatic in the macroscopic 
world, may well hold the key to a truly deep 
understanding of the physical world. Many 
particle physicists are therefore turning their 
attention to the Einsteinian view in which 
geometry becomes the language of ex- 
pression. This has led to many weird and 
wonderful speculations concerning higher 
dimensions, complex manifolds, and other 
arcane subjects. 

An alternative approach to these questions 
has been to peel yet another skin off the 
onion and suggest that the quarks and lep- 
tons are themselves composite objects made 
of still more elementary objects called 
preons. After all, the proliferation of quarks, 
leptons, gauge bosons, and Higgs particles is 
beginning to resemble the situation in the 
early 1960s when the proliferation of the 
observed hadronic states made way for the 
introduction of quarks. Maybe introducing 
preons can account for the mystery of flavor: 
e, p, and T, for example, may simply be 
bound states of such objects. 

Regardless of whether the ultimate under- 
standing of the structure of matter, should 
there be one, lies in the realm of preons, 
some single primitive group, higher 
dimensions, or whatever, the standard 
model represents the first great step in that 
direction. The situation appears ripe for 
some kind of grand unification. Where are 
you, Maxwell? H 
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